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I. INTRODUCTION
Graphene has attracted attention in recent years for use in a variety of applications, including gas sensors, 1 graphene transistors, 2 and quantum computing. 3 Graphene is suitable for these applications because it displays desirable properties, such as high carrier mobility and high thermal conductivity. [4] [5] [6] [7] To realize the full potential of graphene-based devices, control of these properties is essential. Ion irradiation is thought to be a most routinely means to manufacture traditional semiconductor devices. 8 In recent studies, the effects of ion irradiation on graphene at different intensities were investigated. Low-energy Argon ion irradiation (0.5-2 keV) of multilayer graphene was used to examine the damage and oxidation processes that occur upon the irradiation. 9 Energetic nitrogen ion irradiation (100 eV) was used to anneal monolayer and multilayer graphene. 10 Aside from these low-energy irradiation techniques, high-energy irradiation (30 and 35 keV) is often used. The electrical behavior of monolayer graphene is affected by a completely insulating defect line obtained by Ga ion irradiation (30 keV). 11 The Hall mobility of monolayer graphene decreases when exposed to carbon ion irradiation (35 keV) . This is thought to be caused by structural changes induced by defects from the irradiation. 12 Because of a reduction in the impurities induced by ion irradiation, the degree of nonlinear out-put current of graphene field-effect transistor decreases. 13 Other properties of graphene by ion irradiation such as magnetoresistance and tensile strength have also been illustrated. 14, 15 Although there are numerous reports on the effects of ion irradiation on monolayer graphene, 12, 14 monolayer graphene has intrinsic problems. Air molecules, substrate impurities, and random boundaries affect the transport properties of monolayer graphene, preventing the realization of nanoelectronic applications (quantum interface device). 16, 17 Additionally, it is more difficult to prepare large-scale monolayer graphene than multilayer graphene. As such, we have studied the effects of Ga ion irradiation on multilayer graphene. And, a detailed study on the effects of Ga ion irradiation on multilayer graphene at varying dwell times has rarely been studied. In particular, the effects of Ga ion irradiation on the surface modification of multilayer graphene have not been reported.
In this work, we examine the surface modification of multilayer graphene after exposure to Ga ion irradiation at varying dwell times. The surface modifications were characterized using Raman spectroscopy (RS) and atomic force microscopy (AFM). The defects induced by Ga ion irradiation were found to increase with increasing dwell times. The results of this work provide important insights into the surface modification of multilayer graphene using Ga ion irradiation, which is critical for the realization of graphene-based devices.
II. EXPERIMENTAL DETAILS
The graphene samples were prepared by mechanical exfoliation of highly oriented pyrolytic graphite and then transferred onto a p-doped Si substrate with 300-nm-thick SiO 2 . 1 Optical microscopy (Olympus BX41M-LED, OLYMPUS, JAPAN) and RS (Witec Alpha 300, WItec, GERMANY) were used to identify the multilayer graphene.
RS was measured using a laser excitation wavelength of 532 nm. The laser power was maintained at $2 mW to avoid heating the sample. Ga ion irradiation was conducted using a focused ion beam (FIB) system (Quanta 3D FEG 600, FEI, USA, Hillsboro) with an accelerating energy of 30 keV and a a)
Author to whom correspondence should be addressed. . The dwell times of Ga ion irradiation were 1, 10, 30, 100, 300, 500, and 1000 ls. The rate of etching graphene was determined by the number of irradiation ions per unit of time under the same energy. Higher dwell times gave a larger dosage. Following Ga ion irradiation, the samples were examined using RS and AFM (Dimension FastScan, Bruker). No additional defects were apparent following RS. AFM measurements were performed using a tapping mode with a scanning probe system to avoid additional damage.
III. RESULTS AND DISCUSSION
There were no significant shifts observed for the G band and the 2D band shown in Fig. 1 . Figure 2(a) shows the scanning electron microscopy image of graphene with a black square marking the location of full-width half maximum (FWHM) Raman mapping of the 2D band depicted in Fig.  2 (b). Based on previous studies, [18] [19] [20] RS can be used to count the layers of a thin graphite stack. For the sample, the maximum value of FWHM of the 2D band is 67.71 cm À1 and the position of the 2D band is 2696 cm À1 . The intensity ratio of the G band and the 2D band (I G /I 2D ) is equal to 1.78, indicating that our sample is less than 10 layers thick. The area with the same RS shown in Fig. 2 (a) was prepared for the ion irradiation experiment. An overlay of the RS of multilayer graphene after exposure to irradiation for increasing dwell times is shown in Fig. 3(a) . The optical image of the corresponding areas on the graphene sample is shown in Fig. 3 
(c). Pristine graphene exhibited the G band at approximately 1583 cm

À1
. This band is related to the in-plane stretching mode of C-C bonds. The 2D band was observed at approximately 2696 cm
. After the first irradiation for 1 ls, the D peak appeared immediately at 1390 cm
.As the dwell time was increased from 1 to 300 ls, the intensity of the D band increased, while the intensities of both the G band and the 2D band decreased. At this range, the D to G band intensity ratio (I D /I G ) increased (Fig. 3(b) ), and the positions of the G and 2D bands were blue-shifted. According to the "three stage model" proposed by Ferrari and Robertson, the changes observed in this range indicated that the first stage of the transformation, from graphite to nano-crystalline graphite, was occurring. 21 When the dwell time was greater than 300 ls, the intensity of the D band decreased. The intensity of the G band remained unchanged as it relates to the bond stretching of sp 2 hybridized carbon (C) pairs. The I D /I G value decreased between dwell times of 500-1000 ls. The intensity of the 2D band was very weak, which indicated that the second stage of the transformation, from nano-crystalline graphite to low sp 3 hybridized amorphous graphene, was occurring. 21 Figure 3(b) describes the whole developing tendency of I D /I G under different dwell times from stage 1 to stage 2.The evolution observed in the RS, when exposed to different ion dwell times, was attributed to phonon emission and scattering. The G band and the 2D band observed in the RS are characteristic of graphene and graphite. The G band indicates in-plane vibration of sp 2 hybridized C atoms and is a doubly degenerate phonon mode in the Brillouin area. 22 The D band indicates the breathing modes of six-atom rings and can be activated by defects. The 2D band is the Raman response to the phonon resonance mode, which is a second order of the D band. 23 In the first stage, when the C-C bonds of graphene were broken following exposure to irradiation, the breathing mode disappeared. The 2D band, related to the breathing mode, decreased quickly. 24 The D band, activated by defects, increased with increasing dwell times. The intensity of the G peak, which relates only to bond stretching of sp 2 hybridized C pairs, remained constant. 21 The I D /I G values increased as the dwell times were increased from 1 to 300 ls. In the second stage of the transformation, the amount of defects present in the graphite layer is directly related to the amount of sp 3 hybridized sites in the graphene. The intensity of the D band decreased as the number of ordered rings was reduced, which caused the I D /I G values to decrease between dwell times of 300-1000 ls. Raman mapping of the samples exposed to irradiation is shown in Fig. 4 . The bands indicate the areas irradiated for different dwell times. The FWHM of the D and G bands increased with increasing dwell times (Fig. 4) . Our results show that the defects in the sample, induced by the Ga ion irradiation, contributed to the observed increase of the FWHM.
The positions of the G band and the 2D band shifted following irradiation (Fig. 5(a) ). Compared with the pristine sample, both the G band and the 2D band were blue-shifted, which was attributed to the strain induced over increasing dwell times. The strain can be calculated using the following equation:
where c D is the Gruneisen parameter, Dx is the frequency shift of the 2D band, following an induced strain, x 0 is the position of the 2D band without strain, v is the Poisson ratio of the substrate material, e is the strain induced in the graphene, and c D is 2.7.
25,26
The calculated strain induced in the graphene sample following irradiation as a function of dwell time is shown in Fig. 5(b) . Because of a substantial mismatch in the lattice between the graphene and the substrate, the strain of the non-irradiated sample was 0.03%. The strain values varied between approximately À0.11% and À0.23% following Ga ion irradiation, which indicated compressive strain within the graphene. This strain caused a decrease of the crystallite size within the multilayer graphene. The reason that the crystallite size decreases lies in that the changes of crystal symmetry and reciprocal lattice are dependent on the strain direction. 27 A general expression defining the crystallite size L a from the intensity ratio I D /I G through any laser line in the visible range is given by the Tuinstra-Koening equation:
where k L is the excitation laser line wavelength. Equation (2) is valid for the first stage of the transformation. In the second stage of the transformation, the number of ordered rings decreases as the number of defects introduced into the graphite layer increases. The I D /I G value decreases with increasing amorphization. As such, a different relationship is used for the second stage of the transformation, as shown in the following equation:
where C 0 ðkÞ is a coefficient related to the excitation laser wavelength.
The distance between defects L D can be determined by measuring the amount of defects in the lattice. L D can be quantified using RS and is given by the following equation:
where k L is the excitation laser wavelength. The equation is valid for graphene samples with defects separated by L D ! 10 nm. An overlay of L a and L D as functions of dwell time is shown in Fig. 6 . L a decreased with the increase in dwell times between 1 and 300 ls, then increased from 300 to 1000 ls. L D decreased with the increase in dwell times between 1 and 1000 ls. The shift observed for the 2D band can be used to discriminate between electron and hole doping. A red-shift indicates an increase in electron concentration, while a blue-shift indicates an increase in hole concentration. 30 As such, we can conclude that the sample was hole doped by the Ga ion irradiation in the first stage of the transformation.
Contact potential difference (CPD) mapping of the multilayer graphene sample was measured using the Peak Force KPFM mode of AFM at ambient temperature (Fig. 7) . The SCM-PIT probe, a model of conducting probe, was used. The areas that were irradiated appeared brighter than the areas that were not irradiated in the first stage of the transformation. The CPD maps can be interpreted as the difference in work function between the tip and sample surface, defined by the following equation:
where W F,g and W F,tip are the work functions of the graphene and AFM tip, respectively. Moreover, W F,g is the difference between the vacuum energy (E vac ) and the Femi energy (E F ) as shown in the following equation:
As discussed, the Ga ion irradiation induced hole doping within the graphene sample in the first stage of the transformation. The E F of the sample will shift towards the valence band. 32 According to formulas 5 and 6, the work function of the sample increases. Correspondingly, the CPD values increase, consistent with the results of the AFM measurement.
The effect of Ga ion irradiation on the surface topography of graphene was investigated using AFM in tapping mode at ambient temperature. The SNL-10 probe, a model of super sharp probe, was used. The surface topography image and height curve of the multilayer graphene sample following irradiation are shown in Fig. 8 . These images correspond to the first stage of the transformation. The height of the areas exposed to irradiation was greater than the areas that were not irradiated ( Fig. 8(b) ). The average roughness R a of both the irradiated and non-irradiated areas is shown in Table I (Areas 1 and 2, Fig. 8(a) ). The larger R a value for the irradiated area, than that of the non-irradiated area, was ascribed to impurities on the surface. In the progress of the preparation of the graphene sample, H 2 O molecules and O 2 molecules will inevitably exist on the surface of the sample, and cannot be completely removed in the vacuum chamber of the FIB system. The irradiation of the sample, which breaks the C-C bonds, transformed the graphene into nanocrystalline graphite. The dangling bonds of C can combine with the H 2 O and O 2 molecules, forming C¼O, C-OH, and C-OO bonds and ultimately a carbon-containing polymer. 31, 33, 34 The increase of the surface topography can also be attributed to the ripple structure, which is known to form on the surface of graphene after ion irradiation. 35, 36 The adhesion between the AFM tip and multilayer graphene was found to increase following Ga ion irradiation, as determined using the peak force tapping mode at ambient temperature. The MESP probe, a model of magnetic probe, was used. The adhesion between the tip and the multilayer graphene increased significantly following ion irradiation in the first stage of the transformation (Fig. 9) . The adhesion force has been calculated as the following equation:
where D is the deflection of testing results (in mV), S D is the deflection sensitivity of testing probe (in nm/V), and K P is the probe spring constant (in N/m). For MESP probe, with the deflection sensitivity around 110 nm/V, the nominal 
The F B can be ignored, because the chemical bonds at the surface of the sample and tip are saturated. The increased F ad is therefore related to changes in the F C , F vdW , and F E values.
F C , which is closely related to surface wettability, increased after Ga ion irradiation. 37 Following ion irradiation of pristine graphene, sp 3 hybridization occurs, resulting in the formation of C-OH bonds on the surface. 33 The presence of these hydrophilic groups allows water vapor to be adsorbed, leading to an enhancement of F C . The F E is related to charges on the surfaces. 37 Following Ga ion irradiation, a number of Ga ions remain on the surface of graphene, 38 which causes an increase of F E . The increment of the attractive force is due to the increase of the Van der Waals interaction induced by the more complicated substrate structures than a two-dimensional plane. 39 Although defects are introduced into graphene following ion irradiation, it remains a two-dimensional plan. The F vdw remains almost unchanged following ion irradiation.
IV. CONCLUSION
In summary, using a combination of RS and AFM, we have investigated the effects of surface modification of multilayer graphene induced by Ga ion irradiation with varying dwell times. The compressive strain induced by irradiation changed both the crystallite size and the distance between defects within multilayer graphene. The multilayer graphene was hole doped by irradiation in the first stage of the transformation, which resulted in an increase in the work function. Increases in the surface topography and the adhesion between the AFM tip and the surface of the graphene were also observed following irradiation. We have shown that defects can be introduced in a controlled fashion, which is of great significance for graphene-based devices.
